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A mechanical approach is needed for understanding anorectal
function and defecation. Fecal continence is achieved by several
interacting mechanisms including anatomical factors, anorectal
sensation, rectal compliance, stool consistency, anal muscle
strength, motility, and psychological factors. The balance is easily
disturbed, resulting in symptoms such as fecal incontinence and
constipation. Novel technologies have been developed in recent
years for studying anorectal function. Especially, the Fecobionics
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device, a simulated feces, has gained attention recently. This facil-
itates new analysis of anorectal mechanical function. In this study,
a theoretical model is developed to analyze anorectal mechano-
physiological data generated by the Fecobionics device. Theoreti-
cal approaches can enhance future interdisciplinary research for
unraveling defecatory function, sensory-motor disorders, and
symptoms. This is a step in the direction of personalized treatment
for gastrointestinal disorders based on optimized subtyping of
anorectal disorders. [DOI: 10.1115/1.4044134]
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1 Introduction

Inaccessibility of the gastrointestinal tract and the unavailability
of gastrointestinal tissue force the modern investigator to develop
new device innovations, mathematical modeling, and simulations
to examine gastrointestinal sensory-motor function. Gastroenter-
ology is an important area from a societal and clinical viewpoint,
as an example, 15.3% of the U.S. population over 70 years of age
and up to 9.5% below age 70 suffer from fecal incontinence [1,2].
Study of the mechanical function of the gastrointestinal tract is
important as it serves to transport ingested materials and secreted
fluids through the tract. Mechanical analysis including modeling
and simulations requires geometric and mechanical data obtained
from real tissues and experiments using advanced high-resolution
technologies and imaging. New technology can advance our
knowledge if it is properly applied. However, this will require a
general appreciation for bioengineering, modeling, and simulation
in gastroenterology.

Defecation and continence depend on several interacting mech-
anisms including the ability to create a high intra-abdominal pres-
sure, colorectal motility, stool consistency, rectal capacity, rectal
distensibility, anorectal sensitivity, anal muscle strength, anorectal
angle, coordination of pelvic floor muscles and anal sphincter, and
psychological factors [3-6]. The homeostatic balance is easily dis-
turbed, resulting in symptoms such as fecal incontinence, consti-
pation, or painful defecation [7-10]. Technologies are available
for studying anorectal function [11]. However, the conventional
technologies do not provide measurements that allow useful
mechanical analysis.

This paper briefly describes conventional technologies and the
Fecobionics technology. Fecobionics provides measurements that
combine distension of an intraluminal bag with pressure record-
ings and geometric data, medical imaging based on electrical
impedance measurements, three-dimensional (3D)-modeling, and
new opportunities to combine data on tissue properties and lumi-
nal flow [12-14]. In this paper, we developed a theoretical model
for analyzing anorectal mechanophysiological data generated by
the Fecobionics device.

2 Conventional Anorectal Technologies

The conventional range of technologies available to assess ano-
rectal function includes endoanal ultrasonography, high-resolution
anorectal manometry, the balloon expulsion test (BET), defecog-
raphy, and the functional luminal imaging probe (FLIP). These
technologies are summarized in Table 1. They provide various
measures of anorectal anatomy and function and complement
each other. From a mechanical point of view, measurements such
as muscle thickness, luminal diameter, and angles are useful.
However, each of the technologies has limitations and does not
provide detailed mechanosensory measurements during defecation
under physiological circumstances. FLIP is a relatively new tech-
nology for distensibility studies of sphincters. Various distensibil-
ity parameters can be computed from the bag pressure and
diameters along the anal canal recorded by FLIP during ramp dis-
tension [12,24]. In some esophagogastric junction studies, disten-
sibility was simply evaluated as the magnitude of the cross-
sectional area (CSA) or by dividing the CSA with the pressure at
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Table 1 Summary of conventional technologies for assessment of anorectal function

Technology

Plll‘pOSC and assessment parameters

Limitations/disadvantages

Endoanal ultrasonography [3]

Anorectal manometry [15].

Balloon expulsion test [18]

Defecography (fluoroscopy or by MRI)

Functional luminal imaging probe

Structural assessment of anal sphincter muscle and
integrity. Assessment of internal anal sphincter
length, thickness, and discontinuity

Pressure tracings or high-resolution pressure topog-
raphies for evaluation of sphincter strength, rectal
sensitivity, and rectal capacity. Data are often pre-
sented as color topographies. Measurements include
maximum resting pressure of the anal canal,
squeeze pressure, indurance urge volume, maximal
rectal capacity, and the presence of recto-anal inhib-
itory reflex [16]

BET is a test of simulated defecation test in which a
50 ml balloon is evacuated and the evacuation time
measured

Defecography uses a contrast agent installed in rec-
tum and record a video sequence during defecation.
It can be used to study the anal diameter, anorectal
angle, and the position of the pelvic floor at rest or
during Valsalva. The completeness of evacuation,
presence of rectocele, rectal intussusception, and
the ability to expel rectal contents can be evaluated
[19-22]. Magnetic resonance imaging technology
has been added to the armamentarium of defeco-
graphic techniques [23]. It has shown excellent
capabilities in diagnosing structural and functional
disturbances without radiation

FLIP measures the geometry of sphincteric regions
during distension. This allows the measurement of
various distensibility parameters

No functional measurements and operator depend-
ent. Readings of images that can be difficult to
interpret

Measurements are done during simulated defecation
in front of the investigator. The procedure as well as
equipment is not standardized, making comparisons
of results among various centers difficult [17]

The fixed volume does not take into account the dif-
ferences in size between subjects. Only measure-
ment provided is evacuation time

The three major disadvantages are the following:

(1) Defecography is often done with the patient in
artificial defecation position and using a paste with
mechanical properties far from their usual feces

(2) Extensive morphologic variability among nor-
mal healthy individuals and interobserver variability
has been found [3]

(3) Fluoroscopic radiation

Measurements done in a fixed position, i.e., not dur-
ing evacuation of the device

a given point of distension [25-27]. Needless to say, this approach
may introduce bias and misinterpretation of data [12,28]. The
opening pressure, the level of distension, and the actual slope of
the mechanical data curves must also be taken into account
[12,28]. Other studies have looked into sphincter elasticity, which
has been computed as the pressure—strain modulus [29,30]

_Ap

Ep_Ad

do M
where Ap and Ad are the pressure and diameter change during the
distension, respectively. dy is the diameter at the reference state
[12,25-29]. The pressure—strain modulus is more reliable than the
simple distensibility measures. Yet other studies defined a proxy
of the flow resistance of the anal canal (R) during FLIP distension.
This can be obtained from the anal canal length (L), the middle
part diameter of the anal canal (D), and the dynamic viscosity of
the inflated bag (1) as [30-32]

128 xn x L
R=—F—"—+— 2
3.14 x D* @
However, more advanced technology and parameters must be
considered in mechanical analysis of anorectal function [12,28].

3 Fecobionics

Limitations with the abovementioned technologies warranted the
development of integrated technology that provides measures under
much more physiological and pathophysiological conditions [11].

Fecobionics is a simulated stool, a bionics or biomechatronics
device, that enables dynamic measurements of a variety of varia-
bles during evacuation from rectum through the anal canal
[33-36]. Fecobionics imitates the defecation process in a single
examination and provides manometric profiles and geometric
mapping. The device has the consistency and shape of normal
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stool (types 3—5 on the Bristol stool scale [37]. It records pres-
sures, CSA from electrical impedance measurements, orientation,
bending, and viscoelastic properties during defecation as well as
the patients can report symptoms. The device is 10cm long and
12mm wide with a core of medical grade resin that contains the
sensors and printed circuit boards. A bag is mounted on the bend-
able core for distension. Sensors such as pressure transducers are
placed at the front, rear, and inside the bag, two gyroscopes at the
two ends for orientation and angle measurements, and impedance
electrodes for CSA measurements. Fecobionics measures front
and rear pressures in the direction of the flow in contrast to the
radial pressure measurements in other devices. The published pro-
totypes have been wired but wireless prototypes are now becom-
ing available.

Fecobionics enables the measurement of high-resolution pres-
sure and CSA profiles as well as the anorectal angle during defe-
cation [33,34,36]. The CSA profiles are simulated in various
ways, i.e., as semi-3D plots, video clips, or as color contour plots.
The expulsion velocity can be assessed from changes in CSA dur-
ing defecation or from data from the pressure sensors and the
accelerometers. In addition to the CSA plots, promising physio-
logical data were obtained from the pressure sensors, which
allowed defecation to be divided into five distinct phases
[33,34,36]. The expulsion time is comparable to that recorded
with BET and the bending angle corresponds to anorectal angles
reported in the literature (unpublished data). Hence, Fecobionics
data are consistent with the current standards, and it integrates the
current tests and provides new parameters hitherto unmeasurable.

4 New Analytical Approach to Fecobionics
Measurements Based on Anorectal Tissue Deformation
and Stress During Fecobionics Testing

As Fecobionics moves through the rectum and anal canal dur-
ing defection, it will stress and deform anorectal tissue. Hence,
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computations and models that can be used to predict the tissue
mechanical behavior in response to loading are important.

4.1 Geometry of the Curved Thin-Walled Shell of
Revolution. The theory outlined below is borrowed from our pre-
vious study on distension in a straight hollow visceral organ [38].
However, anorectum is a hollow organ with a geometry of vari-
able cross section and is rotationally symmetric with a curved cen-
tral line. Consequently, tension calculated based on an arbitrary
surface coordinate system should be used [39].

It is assumed that the Fecobionics bag and anorectum form a
tube of revolution during Fecobionics movement. Furthermore,
the bag size must be larger than the size of the distended anorec-
tum to avoid pressure drop across the bag wall. The anorectal wall
resists the pressure induced by the bag distension and the shear
stress through the friction between the bag and the tissue wall.
The given curve of the anorectal wall is called the curve of sym-
metry of the reference surface. The coordinates of the reference
surface will be the parameter s, which determines a point on the
curve of symmetry, and the angle 0, which is measured within the
normal plane from the principal normal of the curve of symmetry
(Fig. 1).

The curve of symmetry is defined as

x=x(s), y=y(s), z=z(s) 3)
The unit tangent vector ¢ is given by
x/ / Z/
t="it+lj+k @
8 8 8

where i, j, and k are unit vectors of x, y, and z; X', y', and z’ are

dx dy dz
ds’

_ 2 72 2
7 5y and g—\/(X) + () + ()

Curve of symmetry

Y

Fig. 1 Schematic diagram of a distended anorectal segment.
X, Y, and Z are global coordinates. S and 0 are the local coordi-
nates with arc of length s along the curve of symmetry and 6 the
polar angle, respectively. s and 0 form a set of curvilinear
orthogonal coordinates. Membrane stress are N,, Ns,, and Ng,
the circumferential, shear, and longitudinal membrane stress.
The unit tangent, principal normal, and binormal vectors of the
curve are t, n, and b, respectively, R is the position vector of a
point on the reference surface, P is the corresponding vector of
R at the curve of symmetry, r is the radius at a cross section
along s, and fs, f, and f,, are force distribution in directions of
s, 0, and across the wall, respectively.
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The unit binormal vector b is defined as

b=txn 5)
where n is the unit principal normal.

For a continuous curve of symmetry like the center line of the
anorectum, an arbitrary point on the distended bag surface with a
position vector R can be expressed in local coordinates as (Fig. 1)

R(s,0) = p(s) +r(s) - cosO - n +r(s) -sin0 - b 6)

where p is the vector of the cross point between the cross section
at s and the curve of symmetry, and r is the radius of the cross sec-
tion at s. For a curved shell of revolution, the base vector along
the s and 6 direction of the surface can be denoted as

R
a; = IR = g(1 — crcos0)t + r'cosOn + r'sin0b
s 7
OR . (7N
ay) = 20— —rsinfn + rcosfb

where c is the circular curvature of the curve

c:w/n%Jrn%Jrn% ®)

where
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Hence, the scale factors as and o0 can be calculated as

Oy = \/as - Gy = \/(g(l — creosf)) + () ©)
0gp = /Ay Ay =T
The principal radii of curvature R and R can be calculated as
Ry = (a0) /{rr'[¢'(1 — crcosd) — ¢’ greosd — 2cgr'cosl]
—cg*reosO(1 — crcos@)2 —grr”(1 — crcos@)} (10)

Ry = a09° /[gr* (1 — crcos0))
4.2 Determination of the Membrane Tension. With the cal-

culated geometric feature of the distended anorectal surface, the
equations of equilibrium of the anorectal surface can be written as

O(Ng)  O(o9Nyy) = doy doig B
%90 T as T ds 0 ap MmN = o s0ch
O(Ny) | O(aoNs) dot doy

— — "INy = —o. - 0tp - 11
gyt T 2N = eNe =gy fy (1D
N& N9_
R7Y+R7()_ fw

where f,, is the distributed force across the tissue wall, and f; and
fop are the distributed force (force per unit area) between Feco-
bionics and the wall tissue along the s and 0 directions,
respectively.

As that is shown in Fig. 1, the membrane stress resultants are
Ny, Nsy, and Ny. The boundary condition for Fecobionics in the
anorectal segment is Ny = Nyy = Ny =0 when s — oo. During
Fecobionics movement, the wall is deformed and stressed by
the distension, contractile force from the anorectal muscles, and
the forces from Fecobionics. For anorectum, we assume that the
forces across the wall, such as the bag pressure and the contractile
force, are represented by the recorded bag pressure. Hence, with
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Fig. 2 Forces on Fecobionics acting on the normal and along
the anorectal segment. The forces are the contractile forces
from the segment (P,), the pressure in the bag (P}), the friction
force between the device surface and the wall (Fy), the pressure
from the fluid within the segment at the inlet (rear pressure, P,),
the pressure from the segment and the atmosphere at the outlet
(front pressure, Py), and also the gravity (G) of Fecobionics. X,
Y, and Z are global coordinates. S and ¢ are the local coordi-
nates with arc of length s along the curve of symmetry and 6 the
polar angle, respectively.

the estimated forces from Fecobionics, the membrane stress resul-
tants of the anorectum can be computed as previously outlined
[38].

4.3 Determination of Forces Acting on Fecobionics. For
Fecobionics to move along the anorectal segment, it has to over-
come a variety of forces acting on it. These forces include the con-
tractile forces from the segment (P,,), the pressure in the bag (P,),
the friction force between the surface and the wall (Fy) [40], the
pressure from the fluid within the segment at the inlet (rear pres-
sure, P,), the pressure from the segment and the atmosphere at the
outlet (front pressure, Py), and also the gravity (G) of Fecobionics
(Fig. 2).

The pressure difference between the contractile forces in the
wall and the bag distension pressure is represented by the recorded
bag pressure, the rear and front pressures are recorded during
Fecobionics movement, and the gravity of Fecobionics can be cal-
culated on the basis of the volume of the inflated solution (Fig. 2).
Hence, the friction force is the only unknown variable, and it can
be calculated from Newton’s second law with an estimated expul-
sion velocity along the anorectal segment as

ZFS = [(_Pr +Pw) 'Arear end T (Pf _Pw) 'Afrom end]
+F—Gy=myp
Ff =my — { [(_Pl' +Pw) ‘Arear end T (Pf _Pw) 'Afrom end} - Gv}
(12)

where Aear end and Afront eng are the surface areas of Fecobionics at
both ends, m is the mass of the Fecobionics, v is the expulsion
velocity of Fecobionics, v = dv/drt is the acceleration of Feco-
bionics moving, Y F, the resultant force along the s direction,
and G, the gravity component in the s direction. Hence, the force
distribution (force per unit area, 5, in Eq. (11)) in the s direction
between the Fecobionics and the tissue can be calculated as

>

Asurface

fs=

(13)

where Aguace 18 the contact surface area between the Fecobionics
and the anorectal segment. In other words, the friction force can
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be calculated from the front and rear pressures, gravity, and the
velocity during evaluation of the device.

5 The Future of Anorectal Functional Studies

Anorectal testing is directed toward high-resolution technolo-
gies that provide physiological data useful for modeling purposes.
Mechanical data and models are highly needed since defecation is
a mechanical event.

The Fecobionics device provides several innovative features
from a bionics point of view when compared to the current ano-
rectal assessment technologies. Such features include (a) mechani-
cal device properties that mimic normal stool, (b) objective
electronic measurement of anorectal angle independent of direc-
tion/rotation or on interpersonal interpretation of defecographic
images, (c) wireless device that avoids wires and tubes that poten-
tially could influence the mechano-sensory properties in the
anorectal region, (d) pressure measurements integrated with geo-
metric profile data and bending data, and (e) assessment of
length—tension properties from the reconstructed organ shape and
pressures during defecation. Fecobionics represents a disruptive
technology in its infancy. It is awaiting approval by the Food and
Drug Administration and hence is not yet commercially available.

It is envisaged that anatomy-based mechanophysiological mod-
els of the anorectum using data input from high-resolution inte-
grated tests will enter the field. The present paper suggests a path
for future analysis based on Fecobionics data. Profiling and mod-
eling will have a role in future studies in the diagnosis, monitor-
ing, and treatment of gastrointestinal diseases. This will provide
better models for the Human Physiome project.” Recent initiatives
such as the GIOME [41] and Esophagiome projects [42] will in
time lead to smarter, more precise, and tailored devices and
treatments.
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